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Summary
Objective: Chondrocytes are highly sensitive to variations in extracellular glucose and oxygen levels in the extracellular matrix. As such, they
must possess a number of mechanisms to detect and respond to alterations in the metabolic state of cartilage. In other organs such as the
pancreas, heart and brain, such detection is partly mediated by a family of potassium channels known as KATP (adenosine 5
0-triphosphate-
sensitive potassium) channels. Here we investigate whether chondrocytes too express functional KATP channels, which might, potentially,
serve to couple metabolic state with cell activity.
Methods: Immunohistochemistry was used to explore KATP channel expression in equine and human chondrocytes. Biophysical properties of
equine chondrocyte KATP channels were investigated with patch-clamp electrophysiology.
Results: Polyclonal antibodies directed against the KATP Kir6.1 subunit revealed high levels of expression in human and equine chondrocytes
mainly in superﬁcial and middle zones of normal cartilage. Kir6.1 was also detected in superﬁcial chondrocytes in osteoarthritic (OA) cartilage.
In single-channel electrophysiological studies of equine chondrocytes, we found KATP channels to have a maximum unitary conductance of
47 9 pS (n¼ 5) and a density of expression comparable to that seen in excitable cells.
Conclusion: We have shown, for the ﬁrst time, functional KATP channels in chondrocytes. This suggests that KATP channels are involved in
coupling metabolic and electrical activities in chondrocytes through sensing of extracellular glucose and intracellular adenosine triphosphate
(ATP) levels. Altered KATP channel expression in OA chondrocytes may result in impaired intracellular ATP sensing and optimal metabolic
regulation.
ª 2006 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage is an avascular and hypoxic connective
tissue in which the availability of oxygen and glucose is
limited and depends primarily on diffusion from the synovial
microcirculation and subchondral blood vessels1e3. Chon-
drocytes are glycolytic cells and are able to survive in an
extracellular matrix with limited nutrients and low oxygen
tensions3,4. Consequently, chondrocytes must have the
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Received 15 December 2005; revision accepted 25 June 2006.1capacity to sense the available levels of nutrients and aden-
osine triphosphate (ATP) in the extracellular and intracellu-
lar compartments and respond appropriately by adjusting
cellular metabolism and ATP production levels3.
Potassium channels are integral membrane proteins pres-
ent in most mammalian cells. They participate in a wide
range of physiological responses including maintenance of
the cell membrane potential in excitable cells in the brain
and the pancreas and regulation of contractile tone in a vari-
ety of muscles (cardiac, skeletal and vascular smooth
muscle)5. Opening of potassium channels hyperpolarizes
membranes and promotes quiescencewhereas their closure
produces depolarization and excitation5. A large superfamily
of potassium channels has been identiﬁed, including volt-
age-activated potassium channels (Kv), Ca
2þ-activated
potassium channels (KCa) and inward rectiﬁer potassium
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tassium (KATP) channels aremembers of the Kir family, exist-
ing as complex of an ATP binding protein (SUR) and
a channel component (Kir6.x)8. Unusually, these potassium
channels have a tendency to allow potassium ions to ﬂow
into cells rather than out of cells. They are widely distributed
in neuroendocrine, pancreatic, cardiac, skeletal and smooth
muscle cells. KATP channels play important roles in these tis-
sues under both physiological and pathological conditions by
coupling cell metabolism to electrical activity9,10.
Recent studies have expanded our understanding of the
functional roles of ion channels in chondrocytes. Neverthe-
less, data on chondrocyte ion channels are very limited
compared to other well studied cell types. Despite the phys-
iological importance of potassium channels in the modula-
tion of metabolic activity, there is a particular paucity of
information available on potassium channel expression
and function in chondrocytes. Low oxygen tension and hyp-
oxia are known to lead to activation of KATP channels in
other systems11 suggesting that these channels are impor-
tant in hypoxia mediated cell signaling12. In this study we
test the hypothesis that KATP channels are expressed in ar-
ticular chondrocytes and propose that they may be involved
in metabolic regulation. We used the patch-clamp electro-
physiological technique to investigate whether KATP chan-
nels are functionally expressed in isolated equine articular
chondrocytes and employed immunohistochemistry to
determine the expression of Kir6.1 in human and equine
chondrocytes from both normal and osteoarthritic (OA)
cartilage. The data presented in this paper demonstrate,
for the ﬁrst time, that functional KATP channels are present
in chondrocytes in superﬁcial and middle zones of cartilage.
KATP channels may have an important role in metabolic
regulation in cartilage.
Materials and methods
CARTILAGE SOURCE
Equine
Normal equine articular cartilage was obtained from stiﬂe
(femeropatellar), carpal and metacarpophalangeal joints of
skeletally mature horses (n¼ 12). Equine cartilage was
also obtained from OA joints of two older horses. The study
was conducted with local ethical approval, in strict accor-
dance with national guidelines (none of the animals were
euthanased for the speciﬁc purpose of this study). Equine
cartilage from the same joints was also obtained from a local
abattoir (Nantwich, Cheshire).
Human
Formalin ﬁxed, parafﬁn-embedded archival blocks of nor-
mal and OA articular cartilage from human knees and hips
graded according to the Mankin scale13 were obtained with
ethics committee approval from Dr. S. Richardson (Division
of Laboratory and Regenerative Medicine, University of
Manchester, UK).
HISTOLOGY
Full-depth equine cartilage samples from each batch of
fresh cartilage tissues were ﬁxed for 24 h in 10% neutral
buffered formalin, decalciﬁed in ethylenediaminetetraacetic
acid (EDTA) for a further 72 h, embedded in parafﬁn wax,
and processed for routine histological staining. Stained
slide preparations were examined with a Nikon Eclipse80i microscope. Normal equine and OA sections were cut
(8mm parafﬁn sections) and mounted on 3-aminopropyl-
triethoxysi-lane (APES) treated slides for subsequent
immunohistochemical studies.
PREPARATION OF ISOLATED CHONDROCYTES
Equine cartilage shavings (not full depth) were rinsed with
phosphate-buffered saline (PBS), cut into small slices and
incubated overnight with type I collagenase (EC 3.4.24.3
from Clostridium histolyticum, approximately 100 collagen
digestion units mL1) in serum-free Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 1000 mg L1
glucose and 1% penicillin/streptomycin solution. The ﬁltered
cell suspension was washed three times in fresh DMEM
and the cells were grown in monolayer culture with 4% fetal
calf serum (FCS) for no more than two passages. Electro-
physiological studies were carried out using freshly isolated
chondrocytes, ﬁrst-expansion and ﬁrst-passage equine
chondrocytes grown in low serum (4%) DMEM.
HUMAN TISSUE MICROARRAYS
Normal human Tissue MicroArrays (TMAs) were pro-
vided by the Cooperative Human Tissue Network (CHTN)
of The National Cancer Institute (NCI), the National
Institutes of Health, Bethesda, MD, USA (http://faculty.
virginia.edu/chtn-tma/home.html). The ‘‘body on a slide’’
CHTN2002N1 TMA used for KATP channel immunohisto-
chemistry contained formalin ﬁxed parafﬁn-embedded sam-
ples of 66 normal (non-neoplastic) adult tissues including
full-depth knee articular cartilage and a number of KATP pos-
itive tissues including pancreas, heart and brain. All tissues
were obtained from surgical resection specimens, within 1 h
of surgical removal from anonymous donors and were
conﬁrmed to be normal by two independent osteoarticular
pathologists (i.e., Mankin score of 113).
HUMAN CARTILAGE MICROARRAYS
Normal human cartilage TMAs designed for in situ gene
and protein expression proﬁling of cartilage tissue samples
from different donors were obtained from BioCat GmbH
(Cat. No.: CAAD0602, Heidelberg, Germany (http://
www.biocat.de)). All cartilage tissues were ﬁxed in 4% para-
formaldehyde and parafﬁn embedded. The presence and
structural integrity of the cartilage tissue samples (n¼ 20,
age range 5e80) on this TMA were validated by histology
and immunohistochemistry by the manufacturer. The array
was constructed from duplicate cores of 0.6 mm taken from
each cartilage tissue sample. Recipient blocks were sec-
tioned at 5 mm and transferred onto Superfrost Plus slides.
KATP IMMUNOHISTOCHEMISTRY
In addition to probing equine cartilage (normal and OA)
sections for KATP channel (Kir6.1) expression, human
TMAs which included samples of normal knee cartilage
were also used in immunohistochemical studies to in-
crease the throughput for screening cartilage samples.
The most signiﬁcant beneﬁt of having tissue samples
represented on a single TMA slide is that the expression
proﬁle of the KATP channel protein can be semiquantita-
tively analyzed across various tissue samples by high
throughput immunohistochemistry. The TMAs also pro-
vided us with the positive control tissues where the KATP
channel is known to be expressed (i.e., pancreas and
3Osteoarthritis and Cartilage Vol. 15, No. 1Fig. 1. Kir6.1 is expressed in chondrocytes in normal human articular cartilage. Immunohistochemical analysis of Kir6.1 expression in samples
of full-depth human articular cartilage and human pancreas represented on the CHTN2002N1 multiple human TMAs. Incubation of
CHTN2002N1 TMAs with polyclonal antibodies to Kir6.1 followed by horseradish peroxidase-labeled rabbit anti-goat IgG (DakoCytomation)
produced positive immunostaining in chondrocytes in human knee cartilage (low magniﬁcation shown in panel A, high magniﬁcation shown in
panel C) and human pancreas (low magniﬁcation shown in panel B, high magniﬁcation shown in panel D). Omission of primary antibody from
the immunohistochemical procedure resulted in complete abrogation of speciﬁc immunostaining of human articular chondrocytes in cartilage
samples (panel E) and pancreatic cells (panel F). TMA slides pre-incubated with primary antibody and competing peptide also are shown in
panels G and H.smooth muscle). The human and equine tissue sections
were probed for KATP channel expression by immunohisto-
chemistry essentially as previously described (Mobasheri
et al.14). Afﬁnity-puriﬁed goat polyclonal antibodies raised
against the carboxy terminus of the human Kir6.1 channel(sc-11224, Santa Cruz Biotechnology, Santa Cruz, CA)
were used. Control experiments were performed by omit-
ting primary antibody and incubating cartilage TMAs with
non-immune serum. To demonstrate the speciﬁcity of pri-
mary Kir6.1 polyclonal antibodies in immunohistochemical
4 A. Mobasheri et al.: Functional KATP channels in chondrocytesFig. 2. Kir6.1 is expressed in chondrocytes in normal equine articular cartilage. Immunohistochemical analysis of Kir6.1 expression in samples
of full-depth equine articular cartilage. Sections of equine cartilage were immunostained with polyclonal antibodies to Kir6.1 and horseradish
peroxidase-labeled rabbit anti-goat IgG (DakoCytomation). Positive immunostaining was seen in chondrocytes from the superﬁcial and middle
zones of equine articular cartilage (panels A and B). Omission of primary antibody from the immunohistochemical procedure resulted in loss of
immunostaining (panel C). Positive Kir6.1 immunostaining was also detected in clusters of chondrocytes in equine OA samples (low magni-
ﬁcation shown in panel D, high magniﬁcation shown in panels E and F).procedures we carried out peptide blocking experiments.
The pre-diluted primary antibody (1:200 dilution, 1.0 mL
solution volume) was incubated with a 50-fold excess of
peptide antigen in Tris buffered saline (TBS) by adding
20 mL of reconstituted peptide (sc-11224 P, Santa Cruz
Biotechnology, Santa Cruz, CA; working concentration:
1 mg/mL) and allowed to mix thoroughly overnight at
4C, with gentle agitation. The mixture was centrifuged
for 15 min at 4C in a microfuge (10,000 rpm) to pellet
non-speciﬁc immune complexes and the supernatant
containing the neutralized, peptide adsorbed antibody
was carefully removed for incubation with slides alongside
non- adsorbed samples.
MICROSCOPY AND IMAGE ACQUISITION
Stained slide preparations were examined with a Nikon
Eclipse 80i microscope and digitally photographed using
a Nikon Digital Sight DS-5 M camera. Images were cap-
tured using a Nikon’s Eclipsenet image analysis and archiv-
ing software.
PATCH-CLAMP ELECTROPHYSIOLOGICAL RECORDINGS
Chondrocytes were prepared for electrophysiological
(patch-clamp) studies as described recently14. Brieﬂy,
freshly isolated ﬁrst-expansion and ﬁrst-passage equine
chondrocytes were allowed to adhere to uncharged glass
coverslips for at least 30 min in serum-free DMEM before
being transferred to a recording chamber and superfused
with the following ‘‘intracellular’’ inside-out bath solution (mM):
Kþ 145, Cl 100, gluconate 40 4-(2-Hydroxyethyl)piperazine-
1-ethanesulfonic acid N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) 10 (pH to 7.2 with KOH).
Patch pipettes were fabricated from Clark GC150F capillary
glass (Harvard Apparatus) and had resistances of approxi-
mately 15 MU when ﬁlled the ‘‘extracellular’’ pipette solution
(in mM): Naþ 140, Kþ 10, Cl 150, HEPES 10 (pH to 7.4
with NaOH). We calculated a junction potential (Vj) of
8.2 mV. The conversion from inside-out holding potential
(Hp) to membrane potential (Vm) follows:
Vm¼HpVj:
We used an Axon 200 Axopatch ampliﬁer (Axon Instru-
ments, Union City, CA), and the data were ﬁltered at 1 kHz
and digitized (100 ms sample interval) with a DigiData 1200B
interface (Axon Instruments, Union City, CA), driven by
WinEDR (John Dempster, University of Strathclyde, UK); for
full details of our software conﬁgurations please see our soft-
ware page (http://pcwww.liv.ac.uk/wrbj/RBJ/software.htm).
Glibenclamide sensitivity was measured following
methods used previously15. Concentration of glibenclamide
giving 50% inhibition of KATP current (the IC50) was calcu-
lated from the equation:
F ¼ 1 ½glibð½glib þ IC50Þ
where F is the fraction of current remaining in the presence
of [glib] concentration of glibenclamide.
CHEMICALS
Unless otherwise stated, all chemicals used in this study
were of molecular biology or American Chemical Society
(ACS) grade and supplied by SigmaeAldrich (UK).
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To investigate whether chondrocytes expressed KATP
channels, we began with an immunohistochemical study
using high density human TMAs. A commercial polyclonal
antibody (goat anti-human Kir6.1) raised against Kir6.1,
a KATP channel subunit, conﬁrmed that superﬁcial and
Fig. 3. Kir6.1 expression in chondrocytes from human OA cartilage.
Immunohistochemical analysis of Kir6.1 expression in normal artic-
ular cartilage (panel A) and samples of OA cartilage (panels B and
C, Mankin grades 2 and 3, respectively) revealed some positive ex-
pression in OA chondrocytes.middle zone human chondrocytes express this subunit of
the KATP channel (Fig. 1). Kir6.1 immunostaining was
weaker in the deep zone. Immunohistochemical studies of
equine cartilage sections also produced positive Kir6.1 im-
munostaining in superﬁcial and middle zone chondrocytes
(Fig. 2) suggesting that antibodies to human Kir6.1 recog-
nize the equine Kir6.1 protein. The immunohistochemical
results also suggested that the Kir6.1 protein is present in
chondrocytes from equine OA cartilage (Fig. 2) and human
OA cartilage (Fig. 3) as well as chondrocytes from normal
cartilage in both species.
Having established that Kir6.1 subunits are expressed in
normal and OA chondrocytes we investigated whether the
KATP channels are functionally expressed. We made
‘‘inside-out’’ patch-clamp recordings [Fig. 4(A)] of our well
established in vitro model of equine articular chondrocytes.
Isolated chondrocytes are placed in a high potassium extra-
cellular solution, which mimics a standard intracellular phys-
iological solution. When isolated (inside-out) patches are
pulled away from the chondrocyte, the cytoplasmic face of
the patch membrane faces the high potassium bath solu-
tion. On formation of inside-out patches, current is immedi-
ately visible. In large (maxi) patches, individual channels
cannot be identiﬁed [Fig. 4(B)], but addition of ATP to the
ﬂow medium (300 mM, cytoplasmic face of the patch mem-
brane) rapidly and reversibly inhibited this current [Fig. 4(B),
inhibition of 97 2%, n¼ 4]. The absolute ATP-sensitive
potassium current in any one patch was highly variable,
37 16 pA, n¼ 4 (holding potential 60 mV). In experi-
ments where only a few KATP channels were present
[Fig. 4(C)], it was possible to measure individual channel
amplitudes [Fig. 4(D)]. Performing this procedure across
a large range of voltages produces a currentevoltage curve
typical of this type of channel seen in other tissues, under
these conditions [Fig. 4(E)]. Mean maximum slope conduc-
tance was 47 9 pS (n¼ 5), again typical of KATP channels
reported in other tissues8.
The most commonly used pharmacological inhibitor of
KATP channels is the sulphonylurea compound, glibencla-
mide. This inhibits KATP channels of most tissues, but
with differing efﬁcacies (IC50 range from approximately
8 nM16 to 3 mM17). To determine the IC50 for glibenclamide
inhibition of equine chondrocyte KATP channels, we
recorded stretches of channel activity in the presence
and absence of increasing concentrations of glibenclamide
[Fig. 5(A,B)]. Analyzing the mean residual KATP channel
current in a number of experiments such as these, we
calculate the equine chondrocyte KATP channel IC50 to
be 25 13 nM.
Discussion
KATP channels (also known as uKATP-1, one of the key
subunits of the KCNJ potassium inwardly-rectifying channel
family) are membrane proteins that couple metabolic events
to membrane electrical activity in a variety of cell types18.
They are classiﬁed as inwardly-rectifying potassium chan-
nels, meaning that unlike many other potassium channels
they favor movement of potassium ions into the cell and sta-
bilize the resting membrane potential. KATP channel sub-
types have been found in pancreatic b-cells, neurons,
cardiac, skeletal and smooth muscle cells. In the pancreas
KATP channels play a key role in the regulation of insulin
secretion in response to changes in glucose metabolism
and in diabetes their loss uncouples the electrical activity
of b-cells from their metabolic activity19. In other cells their
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Fig. 4. Chondrocytes express functional ATP-sensitive potassium channels. (A) Outline of experimental design, see text. (B) Addition of
300 mM ATP (added by bath perfusion) inhibits currents in inside-out maxi-patches of equine articular chondrocytes. Dashed line indicates
the zero current level, holding potential 60 mV. (C) Inside-out single-channel patch in the absence (upper panel) and presence (lower panel)
of 300 mM ATP. The dashed line represents the zero current level, where the channel is closed (‘‘C’’) and the dotted line represents the unitary
current level, where the channel is open (‘‘O’’). Holding potential 60 mV. (D) All points amplitude histogram from the patch shown in (C). (E)
Currentevoltage curve for ATP-sensitive potassium channels recorded in a number of experiments similar to (C) and (D). Membrane potential
and current have been converted as described in the Materials and methods (n¼ 5).function is generally accepted to be the coupling of meta-
bolic state to membrane excitability.
We hypothesized that KATP channels may play a promi-
nent role in intracellular ATP and hence glucose sensing
by articular chondrocytes. The formulation of this hypothe-
sis was also facilitated by previous unpublished data from
the Tumor Gene Index-Cancer Genome Anatomy Project
(CGAP) of the NCI [website 1, GenBank Database] which
identiﬁed mRNA transcripts encoding the Kir6.1 subunit of
the KATP channel in the human chondrosarcoma cell line
CS5 [website 2, GenBank Sequence Accession No.
BQ009215, IMAGE: 5834835]. Furthermore, another in-
wardly-rectifying potassium channel (Kir2.2; aliases: IRK2
and KCNJ12) has also been identiﬁed in human chondro-
sarcoma cells [website 3, GenBank Sequence AccessionNo. BQ003798, IMAGE: 5847713] lending additional sup-
port to the idea that inwardly-rectifying potassium channels
might be functionally expressed in articular chondrocytes as
well as chondrosarcoma cells.
In this study, we used polyclonal antibodies raised
against the KATP Kir6.1 subunit to show positive immunos-
taining in human and equine chondrocytes; the staining ob-
served was mainly in the superﬁcial and middle zones of
normal cartilage. Kir6.1 was also detected in chondrocytes
in the superﬁcial zone of ﬁbrillated OA cartilage in clusters.
Further experiments are required to quantify the extent of
KATP channel alterations in OA.
We also show KATP channels to be functionally ex-
pressed in chondrocytes. Indeed we found the KATP chan-
nel properties of unitary conductance and ATP sensitivity
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Fig. 5. KATP channel sensitivity to glibenclamide. (A) Inside-out patch (current) recording prior to the addition of glibenclamide. Several clear
channel events (openings) are evident as downward deﬂections from the baseline (dotted line). (B) In the presence of 300 nM glibenclamide,
channel activity is greatly reduced. None are apparent in this stretch of recording. (C) A doseeresponse curve for a number of experiments
similar to that illustrated in parts (A) and (B). Mean data are given in the text.to be similar to that found in other tissues8. The pharmaco-
logical proﬁle of KATP channels differs greatly from tissue to
tissue, probably reﬂecting variations in the underlying mo-
lecular make-up of these channels8. In studies of other tis-
sues, glibenclamide sensitivity has been used as
a pharmacological discriminator between subtypes. For ex-
ample, a glibenclamide IC50 of <10 nM has been reported
for mammalian pancreatic b-cells16, whereas that of mam-
malian smooth and skeletal muscle has been reported to
have glibenclamide sensitivities similar in the
25e100 nM15,20,21, similar to that calculated in this work
for the chondrocyte KATP channel.
In summary this study shows, for the ﬁrst time, that KATP
channels (Kir6.1 subunit of the channel) are present in nor-
mal and OA chondrocytes from equine and human sub-
jects. Furthermore, we demonstrate that KATP channels
are functionally expressed in equine chondrocytes. In
view of their function in other cell types22, we propose
that these potassium ion channels may be important in
the regulation of cartilage metabolism and intracellular
ATP sensing3. Further experiments will be needed to inves-
tigate the mechanisms of intracellular ATP sensing by chon-
drocytes and whether these are perturbed in disease, thus
impairing optimal metabolic regulation and extracellular glu-
cose sensing.
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